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1. Discussion of uncertainty in satellite retrievals  19 
The satellite-derived ice particle effective radius (Rei) and aerosol type have some intrinsic 20 
uncertainties. For Rei, the MYD06 product provides an estimate of its uncertainty for each pixel, 21 
which takes into account a variety of error sources including 1) instrument calibration, 2) 22 
atmospheric corrections, 3) surface spectral reflectance, and 4) forward radiative transfer model, 23 
e.g., the size distribution assumption1. The pixel-level Rei uncertainties for the samples used in this 24 
study are 6.5% ± 5.1% (standard deviation). In our analyses we use mean Rei within certain AOD 25 
bins and the uncertainties should be smaller than those for individual pixels. Moreover, we focus 26 
on the changes of Rei in response to aerosol loading rather than absolute Rei values. For these 27 
reasons, we conclude that the uncertainty in Rei retrieval is much smaller than the magnitude of Rei 28 
changes with aerosol loading (see Fig. 1 and Fig. S2).   29 
The aerosol types are primarily classified based on CALIOP, and further refined using 30 
retrievals of AIRS in this study. In the retrieval algorithm of CALIOP, depolarization ratio is one 31 
of the most important parameters used to distinguish dust (depolarization ratio > 0.2), polluted dust 32 
(0.075-0.2), and polluted continental aerosols (< 0.075)2. Based on measurements in more than 15 33 
field campaigns, Burton et al.3 reported that the depolarization ratio of pure dust ranges between 34 
0.30 and 0.35 (5th and 95th percentiles), while that of urban aerosols (comparable to polluted 35 
continental aerosols in this study) ranges between 0.02 and 0.10. Many other field measurements 36 
also support the preceding ranges of depolarization ratio for the two aerosol types3-10. It is therefore 37 
safe to state that the algorithm can separate dust and polluted continental aerosols well. 38 
A couple of studies have evaluated the aerosol classification in the Version 3 (old version) 39 
CALIOP product11-13. Tesche et al.11 showed that the Cape Verde region aerosol type was reliably 40 
classified. Wu et al.13 showed that the CALIOP algorithms for cloud-aerosol discrimination and 41 
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aerosol type classification generally work well over the New York metropolitan area, with a few 42 
exceptions where very dense smoke layers are misclassified as clouds or polluted dusts. Noted that 43 
these validation studies were based on the Version 3 CALIOP product. Our study uses the new 44 
CALIOP Version 4 aerosol product (released in November 2016) which includes substantial 45 
improvement in the aerosol subtyping and lidar ratio selection algorithms2. The new Version 4 46 
product has addressed most aerosol typing concerns raised in the validation and application of 47 
Version 3 products, including the issue of dense smoke layers mentioned above2. The discussion 48 
above indicates that CALIOP classifies various aerosol types reasonably well. 49 
It is noted that, in this study, soil dust is not classified as polluted continental aerosols, but 50 
classified as dust (when not contaminated by polluted continental aerosols) or polluted dust (when 51 
mixed with polluted aerosols). Similar to mineral dust, pure soil dust possesses irregular shape and 52 
hence relatively large depolarization ratio14-16. Since soil dust is usually mixed with more spherical 53 
aerosols from anthropogenic pollution, the depolarization ratio of soil dust detected in the 54 
atmosphere ranges between ~0.1 and 0.2514-16, smaller than those of pure mineral dust (0.3-0.353-55 
5) but larger than those of polluted continental aerosols (< 0.0753,6,7). 56 
2. Statistical method and result interpretation in correlation analyses 57 
We have calculated the Pearson’s partial correlation between AOD and Rei, in order to 58 
exclude the impact of meteorological covariation. The partial correlation is a measure of the 59 
dependence between two variables where the influence from possible controlling variables 60 
(meteorological parameters in this case) is removed17-20. Let X denote a vector of meteorological 61 
parameters, the effects of which we would like to eliminate. The partial correlation between AOD 62 
and Rei, eliminating the effects of X, is: 63 
𝑅𝐴𝑂𝐷−𝑅𝑒𝑖.𝑋 =
𝜎𝐴𝑂𝐷−𝑅𝑒𝑖.𝑋
𝜎𝐴𝑂𝐷.𝑋𝜎𝑅𝑒𝑖.𝑋
     (1) 64 
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where 𝜎𝐴𝑂𝐷−𝑅𝑒𝑖.𝑋 is the conditional covariance between AOD and Rei, eliminating effects of X; 65 
𝜎𝐴𝑂𝐷.𝑋 is the square root of the conditional variance of AOD, eliminating effects of X; 𝜎𝑅𝑒𝑖.𝑋 is the 66 
square root of the conditional variance of Rei, eliminating effects of X.  67 
If X is a single meteorological parameter, Eq 1 is reduced to Eq 2: 68 
𝑅𝐴𝑂𝐷−𝑅𝑒𝑖.𝑋 =
𝑅𝐴𝑂𝐷−𝑅𝑒𝑖 − 𝑅𝐴𝑂𝐷−𝑋∙𝑅𝑅𝑒𝑖−𝑋
√1−𝑅𝐴𝑂𝐷−𝑋
2 √1−𝑅𝑅𝑒𝑖−𝑋
2
    (2) 69 
where 𝑅𝐴𝑂𝐷−𝑅𝑒𝑖 is the Pearson’s total correlation between AOD and Rei; 𝑅𝐴𝑂𝐷−𝑋 is the Pearson’s 70 
total correlation between AOD and X; 𝑅Rei−𝑋 is the Pearson’s total correlation between Rei and X.  71 
Considering that the relationships between AOD and Rei may not be linear, we have also 72 
calculated the Spearman’s correlation, which is a nonparametric measure of statistical dependence 73 
between the rankings of two variables. The Spearman’s correlation between two variables is equal 74 
to the Pearson’s correlation between the rank values of those two variables. Similar to the 75 
Pearson’s partial correlation, we also calculate the Spearman’s partial correlation. The Spearman’s 76 
partial correlation is defined and calculated in the same way as the Pearson’s partial correlation 77 
(Eqs. 1 and 2) except that the original variables should be replaced by their rank values in the 78 
calculation. More details of the definition and calculation for partial correlation are described in 79 
other references18-22. In this study, the Pearson’s and Spearman’s correlation and partial correlation 80 
are all calculated using the “corr” and “partialcorr” functions in MATLAB. 81 
Thirteen meteorological parameters (see Methods) are chosen in the correlation analysis, 82 
because they could influence the formation and evolution of convective clouds and convection-83 
generated anvil cirrus. Relative humidity is an indicator of water vapor amount and directly 84 
controls the formation and growth of both liquid cloud droplets and ice particles. CAPE is a 85 
measure of maximal energy available for convection to consume, while CIN represents the 86 
maximal energy that prevents the development of convection. Although mid-latitude strong 87 
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convection is not necessarily characterized by high CAPE/low CIN, the large-scale instability 88 
indicated by high CAPE and/or low CIN favors the development of convective clouds. The vertical 89 
velocity informs atmospheric dynamic condition. High vertical velocity results in a faster 90 
development of supersaturation and hence accelerated production of liquid droplets or ice particles. 91 
Horizontal wind speed and direction denote the origin of air mass at the location of clouds. For 92 
example, when easterly wind prevails, the air mass in East Asia more likely comes from the moist 93 
Pacific Ocean, while it is more likely to be from the dry inland continent when wind direction 94 
reverses. The distinct physical properties of air masses such as moisture content subsequently 95 
affect the ice particle formation and growth. Finally, an optimal strength of vertical wind shear can 96 
help organize convective systems and extend their lifetimes23, which further impacts the lifecycle 97 
of ice particles. 98 
The results of the Pearson’s total and partial correlations have been described in the main 99 
text. The results of Spearman’s total and partial correlations are summarized in Fig. S5. We find 100 
that the Spearman’s total and partial correlations are very similar to the Pearson’s total and partial 101 
correlations, except that the magnitude of the former (Spearman’s) is slightly larger than the latter. 102 
The magnitude of the correlations is not large, since Rei is affected by many factors other 103 
than aerosols. However, all Pearson’s and Spearman’s total and partial correlations are statistically 104 
significant at the 0.01 level based on the Student’s t-test. In addition, over 90% of the Pearson’s 105 
(total and partial) correlations and 99% of the Spearman’s correlations are significant at the 0.001 106 
level. Actually, small correlations between aerosol loading and ice/mixed-phase cloud properties 107 
have also been documented in previous studies that used satellite products. For example, the 108 
correlations between AOD and specific cloud properties are: 0.03-0.17 for cloud fraction20, 0.03-109 
0.25 for cloud thickness20, 0.08-0.20 for cloud optical thickness20, and 0.02-0.18 for ice mass-110 
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weighted altitude centroid24. Therefore, the small correlation coefficients do not affect the 111 
robustness of aerosol impacts on cloud properties investigated in this study. 112 
Figures 2 and S4 show that the magnitude of Rei-AOD correlations for polluted continental 113 
aerosols is larger than that for dust, for subsets with > 67% percentile CTH or < 33% percentile 114 
CTH. In contrast, the correlations for dust are often larger than polluted continental aerosols for 115 
subsets with > 67% percentile CAPE or < 33% percentile CAPE. The reason for the difference is 116 
complicated. Our additional analyses suggest that it is possibly caused by the different vertical 117 
distributions of dust and polluted continental aerosols. Compared with polluted continental 118 
aerosols, a larger fraction of dust is usually located at higher altitude, as shown in previous 119 
studies25,26. 120 
Specifically, while CTH and CAPE are both indicators of convective strength, the samples 121 
with > 67% percentile CTH and > 67% percentile CAPE are not exactly the same. The samples 122 
that belong to the > 67% CTH group but not belong to the > 67% CAPE group are characterized 123 
by a high altitude (> 67% percentile CTH) but relatively higher thermodynamic stability (< 67% 124 
percentile CAPE). In such conditions, aerosols in the upper troposphere may have a stronger effect 125 
on clouds than those near the ground surface. Considering that a smaller fraction of polluted 126 
continental aerosols resides in the upper troposphere than dust, the available amount of polluted 127 
continental aerosols that interact with clouds is smaller. For this reason, Rei is more sensitive to a 128 
change in AOD of polluted continental aerosols, leading to a larger negative correlation for 129 
polluted continental aerosols. 130 
In contrast, the samples that belong to the > 67% CAPE group but not belong to the > 67% 131 
CTH group are characterized by a strong instability (> 67% percentile CAPE) but relatively low 132 
height (< 67% percentile CTH). In such conditions, clouds are probably more affected by aerosols 133 
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at lower altitude, where polluted continental aerosols tend to be more abundant than dust. 134 
Therefore, Rei is more sensitive to a change in dust aerosols (i.e., a larger negative correlation for 135 
dust). 136 
Similarly, we compare the groups with < 33% percentile CTH and < 33% percentile CAPE. 137 
The samples that belong to the < 33% CTH group but not belong to the < 33% CAPE group reside 138 
in a low altitude (< 33% percentile CTH) but with relatively strong instability (> 33% percentile 139 
CAPE). In this case, clouds are strongly affected by aerosols at lower heights where polluted 140 
continental aerosols are more abundant than dust. As a result, when homogeneous freezing 141 
dominates (i.e., the small AOD range), Rei is smaller for clouds mixed with polluted continental 142 
aerosols than those mixed with dust. When heterogeneous nucleation overtakes homogeneous with 143 
an increase in AOD, the increase in Rei is thus larger for clouds mixed with polluted continental 144 
aerosols. This produces a larger positive correlation for polluted continental aerosols. 145 
3. Justification of using Rei near cloud top 146 
MODIS-retrieved Rei is dominated by ice particles near cloud top. The use of Rei near cloud 147 
top is justified by the following reasons.  148 
First, in our analysis, we are not tracking the formation and lifecycle of ice particles, but 149 
focusing on the net effect of the competition between different ice nucleation pathways. This net 150 
effect can only be reflected by the Rei in cloud layers above the height of −37 °C isotherm. The 151 
temperature threshold applied here is to include the influence of homogeneous freezing, which is 152 
the key to studying the competition between different ice nucleation pathways.   153 
Second, ice particles near cloud top should be able to represent ice particles in the cloud 154 
layers colder than −37 °C, as those layers are presumably much thinner than the total thickness of 155 
convective clouds. To test such an assumption, we have compared two different methods to 156 
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calculate Rei in our model simulations. In the first method, we use the ice particles only from the 157 
top layer of the cloud (Fig. S8). In the second method, we use ice particles at all layers above the 158 
height of −37 °C isotherm (Fig. 3). The comparison shows that the Rei-aerosol relationships are 159 
roughly unchanged by different choices of cloud layers above the −37 °C isotherm. 160 
4. Possible constituents of anthropogenic aerosols serving as INPs 161 
An unresolved question in this study is what constituents contribute a major fraction of the 162 
INPs from anthropogenic pollution. Organic aerosol is a potential candidate27. A unique feature of 163 
organic aerosol is that it is mostly amorphous and can exist in liquid, semisolid, and solid (glassy) 164 
states in response to changes in temperature and relative humidity27,28. At glassy state, it could 165 
serve as INPs for deposition nucleation. During the transition from glassy to liquid states, a residual 166 
solid core is coated by an aqueous shell, and immersion freezing may proceed27,29. Such a 167 
transitional state could commonly exist in developing clouds as the time scale for solid-to-liquid 168 
transition are mostly longer than typical cloud activation time periods27,28. Aside from organic 169 
aerosols, lead-bearing aerosols have been shown to be among the most efficient ice-forming 170 
substances commonly found in the atmosphere, as evidenced by the dramatically enhanced 171 
concentrations in ice residuals compared to near-cloud aerosols, as well as by laboratory 172 
experiments30-32.  Lead predominantly originates from anthropogenic sources including fossil fuel 173 
combustion and industrial processes33. For black carbon (or soot) particles, some studies showed 174 
their ability to catalyze ice nucleation at temperatures much warmer than −37°C, although 175 
conflicting results also exist34-37. A possible reason for the disagreement among various studies is 176 
that the ice nucleation efficiency of carbonaceous aerosol depends significantly on a number of 177 
factors, including hygroscopicity38,39, organic carbon content40, chemical aging41, and mesopore 178 
structure36. Further research is needed to reconcile the contradicting results and to elucidate the 179 
 9 
underlying control factors. Other anthropogenic aerosol constituents serving as INPs have been 180 
discussed, such as solid ammonium sulfate42 and metallic compounds (other than lead)43.  181 
 10 
 182 
Figure S1. Illustration of the spatial domain of this study (15-55 N, 70-135 E).   183 
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 184 
Figure S2. Relationships between column AOD and Rei of cold-top convective clouds (a-d) and anvil cirrus clouds (e-h) with different 185 
ranges of cloud top height (CTH) or surface-based CAPE: (a, e) > 67% percentile of CTH, (b, f) < 33% percentile of CTH, (c, g) > 67% 186 
percentile of CAPE, and (d, h) < 33% percentile of CAPE. The division of AOD bins and the definition of error bars are the same as in 187 
Fig. 1.188 
a b c d
e f g h
 12 
 189 
Figure S3. Relationships between AOD and Rei of warm-top convective clouds (cloud top 190 
temperature > −30 oC). The division of AOD bins and the definition of error bars are the same as 191 
in Fig. 1. 192 
 193 
 194 
Figure S4. The same as Fig. 2 but for (a) > 67% percentile of CAPE, and (b) < 33% percentile of 195 
CAPE. 196 
 197 
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 198 
Figure S5. Spearman’s (total) correlations between AOD and Rei (the leftmost column in each 199 
panel), and Spearman’s partial correlations with the effects of listed meteorological parameters 200 
eliminated all simultaneously (the rightmost column in each panel) and individually (the in-201 
between columns in each panel): (a) > 67% percentile of CTH, (b) < 33% percentile of CTH, (c) > 202 
67% percentile of CAPE, and (d) < 33% percentile of CAPE. All correlations presented in this 203 
figure are statistically significant at the 0.01 level. AOD range is [0, 0.8]. 204 
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 205 
Figure S6. Changes in ice cloud fraction (a) and cloud thickness (b) of anvil cirrus clouds with 206 
AOD for different aerosol types. The division of AOD bins and the definition of error bars are the 207 
same as in Fig. 1.  208 
ba
 15 
 209 
Figure S7. WRF simulated temperature, specific humidity (Qvapor), and maximal updraft velocity 210 
(VVmax) in two cases. The results are averaged over the whole domain and over a 12-hour window 211 
centering at the peak of the convections. 212 
  213 
 16 
 214 
Figure S8. The same with Fig. 3a,c, but using the top layer of clouds to calculate Rei.  215 
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Table S1. Datasets used in this study. 217 
Satellite/ 
Sensor 
Product Variable Horizontal 
resolution 
Aqua/MODIS MYD04 (Level 
2, Collection 6) 
Column AOD 10 km × 10 
km 
 MYD06 (Level 
2, Collection 6) 
Cloud effective radius, cloud phase (determined by 
the “cloud optical property” algorithm), primary 
cloud retrieval outcome, cloud effective radius 
uncertainty 
1 km × 1 km 
CALIPSO/ 
CALIOP 
05kmMLay 
(Level 2, 
Version 4.10) 
Aerosol/cloud layer number, layer top/base 
temperature, layer top/base height, feature 
classification flags (containing “aerosol type” and 
“cloud type” flags), CAD score, extinction QC 
5 km along-
track 
 05kmAPro 
(Level 2, 
Version 4.10) 
Vertically resolved pressure, relative humidity, and 
temperature 
5 km along-
track 
Aqua/AIRS AIRIBRAD Dust_score 13.5 km × 
13.5 km 
-- NCEP Final 
Analysis 
(ds083.2) 
Vertically resolved pressure vertical velocity and 
wind speed; CAPE, CIN, wind shear 
1º × 1º 
 218 
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